surface receptors that initiate intracellular signaling modules that translate environmental cues into effector responses [1] [2] [3] . In mammals, many of these receptors belong to structurally distinct receptor families such as the Ig superfamily [4] or the C-type lectin superfamily [5] , which share common mechanisms of intracellular signaling through stimulatory or inhibitory transduction pathways [6] .
In general, inhibitory immunoregulatory receptors have long cytoplasmic tails (CYT) that contain one or more immunoreceptor tyrosine-based inhibition motifs (ITIMs) that are phosphorylated upon receptor engagement [7, 8] . Tyrosine phosphorylation can lead to the recruitment of Src homology 2 (SH2) domain-containing cytoplasmic phosphatases (SHP-1, SHP-2, and SHIP), which dephosphorylate stimulatory pathway signaling intermediates [9] . Stimulatory receptor types possess a positively charged transmembrane (TM) segment that facilitates receptor associations with the negatively charged TM of adaptor proteins possessing cytoplasmic immunoreceptor tyrosine-based activation motifs (ITAMs) or through a DAP10-dependent, non-ITAM motif, i.e. YxxM [10] . ITAMs are phosphorylated by Src family protein tyrosine kinases, which then interact with downstream mediators such as spleen tyrosine kinase (Syk) and/or phosphoinositide-3 kinases (PI3K) that in turn activate specific intracellular cascades responsible for controlling immune cell responses [11] [12] [13] [14] [15] . These classical paradigms of inhibition and activation are well accepted, but newly described mechanisms of cellular signaling provide evidence that the versatility of immunoregulatory receptors goes beyond the archival classifications of strictly inhibitory or stimulatory types.
Recently, several ITIM-encoding immunoregulatory receptors have been reported to also stimulate immune cell responses [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . For example, in humans, immune receptor expressed on myeloid cells 1 (IREM-1) contains ITIMs, recruits the phosphatase SHP-1, and downregulates immune cell responses [16] . However, when its ITIM tyrosine residues were mutated, IREM-1 no longer recruited SHP-1 but associated with the p85α regulatory subunit of PI3K and induced mast cell degranulation [16] . Leukocyte mono-Ig-like receptor 3 (LMIR3) is a mouse homolog of IREM-1, which also encodes ITIMs and inhibits bone marrow-derived mast cell cytokine production when coengaged with FcεRI [17] . Interestingly, when this receptor was cross-linked alone, LMIR3 stimulated interleukin (IL)-6 production in mast cells, an activity that was dependent on its unique ability to associate with the ITAM-containing adaptor FcRγ chain [17] .
Platelet endothelial cell adhesion molecule-1 (PECAM-1) is also an ITIM-encoding receptor that can both inhibit and activate immune cell responses through a series of signal transduction pathways that regulate integrin activation, apoptosis, and endothelial cell responses to fluid shear stress [18] . An ITIM-encoding member of the killer cell Ig-like receptor (KIR) family, i.e. KIR2DL4, also inhibits and activates NK cell responses [19] [20] [21] [22] and its stimulatory activities are associated with recruitment of the FcRγ chain to KIR2DL4 [23] . Members of the receptors for the Fc fragment of IgG (FcγR) present additional examples of immunoregulatory receptor functional plasticity. For example, the ITIM-containing inhibitory receptor FcγRIIB is classically described as a potent inhibitor of immune cell responses [24, 25] , but this protein also stimulates phagocytosis through a C-terminal tyrosine residue found outside of the prototypical ITIMs [26] . This suggests that an ITIM-independent mechanism is responsible for FcγRIIB-mediated phagocytosis in mammals. FcγRIIB also appears to enhance the antiviral immune response of porcine pulmonary alveolar macrophages since engagement of this receptor upregulated IFN-α and TNF-α mRNA levels [27] . Overall, these findings have revealed functional plasticity among mammalian immunoregulatory receptor types, and in particular unexpected stimulatory functions for prototypical inhibitory receptors. Such plasticity likely serves as an important regulatory mechanism for the fine control of innate immune cell effector functions.
In the present study, we demonstrate that immunoregulatory receptor signaling versatility is not limited to mammals. The teleost leukocyte immune-type receptor (LITR) family, originally discovered in the channel catfish (Ictalurus punctatus), represents a large repertoire of Ig superfamily members displaying both structural and distant phylogenetic relationships with members of the mammalian FcR family and the leukocyte receptor complex [28] [29] [30] . Known IpLITRs are categorized as putative stimulatory or inhibitory receptors coexpressed by a variety of catfish myeloid and lymphoid cell types such as macrophages, NK cells, T cells, and B cells [28, 29] . Consequently, we predict that IpLITRs may participate in the regulation of several immune cell effector responses including cytotoxicity, cytokine secretion, degranulation, and phagocytosis akin to the actions of related mammalian immunoregulatory receptors. To date, IpLITR ligands have not been discovered and this has hindered our ability to understand their specific roles in teleost immunity. However, by expressing these receptors in representative mammalian myeloid and lymphoid cell types, im-portant insights into IpLITR signaling capabilities and control of immune cell effector responses have been revealed [31] [32] [33] [34] . Although heterologous overexpression of fish immune proteins in mammalian cells has potential drawbacks, in the absence of monoclonal antibodies (mAb) and reliable transfection procedures for expression in fish cells, this approach has provided important new information regarding the immunoregulatory potential of these teleost proteins.
Previously, we demonstrated that the stimulatory IpLITR 2.6b directly associated with ITAM-encoding adaptors and induced cellular degranulation and phagocytosis [32, 33] when expressed in transfected rat basophilic leukemia (RBL)-2H3 cells, a representative myeloid cell line. Alternatively, inhibitory IpLITR types abrogated NK cell-mediated killing via SHP-dependent and SHP-independent mechanisms [31, 34] , which was revealed after transfection and expression of these proteins in primary mouse NK cells. Since catfish myeloid cells also express inhibitory IpLITR types, we examined the signaling and functional potential of an inhibitory IpLITR type in RBL-2H3 cells and compared its activities to that of a previously characterized stimulatory IpLITR [33] . Here, we demonstrate that the prototypical inhibitory (i.e. ITIM-containing) IpLITR 1.1b unexpectedly stimulates the phagocytosis of opsonized microspheres and induces the activation of extracellular signal-related kinase 1/2 (ERK1/2) and protein kinase B (Akt) in transfected RBL-2H3 cells. However, when compared with a stimulatory counterpart (IpLITR 2.6b), engagement of IpLITR 1.1b failed to induce the secretion of IL-3, IL-4, IL-6, and TNF-α. In addition, IpLITR 1.1b and IpLITR 2.6b displayed temporal differences in the induction of phosphorylated ERK1/2 and Akt as well as differential susceptibilities to EDTA-and cytochalasin D (CytoD)-mediated inhibition of phagocytosis. IpLITR 1.1b-mediated phagocytosis required an intact tyrosine-containing CYT region and was not facilitated by an association with the ITAM-containing adaptor protein FcεRIγ chain in RBL-2H3 cells. This study represents the first demonstration of functional plasticity for an ITIM-containing teleost immunoregulatory receptor. At present, the precise mechanisms of IpLITR 1.1b-induced phagocytosis and induction of ERK1/2 and Akt signaling are unknown, but the events leading to this outcome are predicted to be distinct from those facilitated by a prototypical stimulatory IpLITR and its associated ITAMcontaining adaptor. Characterization of this functional plasticity may reveal the conserved nature of innate signaling events among vertebrate immunoregulatory receptors. In addition, by understanding the dual functionality of certain teleost immunoregulatory receptors, we may also uncover new cellular mechanisms responsible for the control of important innate immune cell effector functions.
Materials and Methods

IpLITR-Expressing RBL-2H3 Cells
Transfection, selection, sorting, and stable expression of Nterminal hemagglutinin (HA) epitope-tagged pDISPLAY IpLITR 2.6b/IpFcRγ-L and pDISPLAY IpLITR 1.1b in RBL-2H3 cells was performed according to previously described protocols [31, 33] . IpLITR 2.6b/IpFcRγ-L encodes the extracellular Ig-like domains of IpLITR 2.6b (GenBank accession ABI23557) fused with the TM and ITAM-encoding CYT of IpFcRγ-L (GenBank accession AF543420) [33] . IpLITR 1.1b encodes full-length TS32.17 L1.1b (GenBank accession ABI16050) [31] that contains 4 Ig-like domains, an uncharged TM segment, and a tyrosine-containing CYT with 6 tyrosine residues [29, 31] . Two of these residues are encoded in ITIMs, one in an immunoreceptor tyrosine-based switch motif (ITSM), a TM proximal tyrosine that is required for the recruitment of C-src kinase (Csk), and 2 additional TM proximal tyrosine residues with unknown functions [28] . In the present study, a truncated version of IpLITR 1.1b (NCBI accession ABI16050) termed IpLITR 1.1b ΔCYT was also created by sitedirected mutagenesis, which introduced a premature stop codon at nucleotide position 1195 within the CYT region of IpLITR 1.1b. This mutation removed the cytoplasmic tyrosine residues within the CYT, leaving only 13 TM proximal residues. We also generated IpLITR 1.2a-expressing cells; IpLITR 1.2a is an inhibitory IpLITR type (GenBank accession ABI16051) that is closely related to IpLITR 1.1b (88% amino acid identity) [31] . This receptor contains 4 Ig-like domains, an uncharged TM segment, and a tyrosine-containing CYT with 2 tyrosine residues [29, 31] . One of these residues is encoded in an ITIM and the other in an ITSM [28] . Both of these motifs correspond to the ITIM and ITSM located in the TM distal CYT region of IpLITR 1.1b. As described for the other IpLITR constructs, pDISPLAY IpLITR 1.1b ΔCYT and 1.2a were transfected and stably expressed in the RBL-2H3 cells. All constructs used in this study are schematically represented in online supplementary figure 1 (for all online suppl. material, see www.karger.com/doi/10.1159/000356963), which also displays their CYT region sequences. In addition, an amino acid alignment of IpLITR 1.1b and IpLITR 1.2a is also provided (online suppl. fig. 2 ). The surface expression of receptor constructs was monitored by flow cytometry using the anti-HA mAb clone HA.C5 (Cedarlane Laboratories Ltd.) or mouse IgG3 as an isotype control (Beckman Coulter), followed by incubation with the phycoerythrin-conjugated goat anti-mouse IgG (H+L) polyclonal antibody (pAb; Beckman Coulter) diluted in antibody staining buffer [ASB; Dulbecco's phosphate-buffered saline (D-PBS)/ethylenediaminetetraacetic acid (EDTA), 0.05% NaN 3 , 1% bovine serum albumin (BSA)], as described by Mewes et al. [32] . Transfected RBL-2H3 cells were cultured in the presence of 400 μg/ml G418 disulfate salt solution (Sigma-Aldrich) and tested weekly for surface expression. RBL-2H3 cell cultures were grown at 37 ° C and 438 5% CO 2 in culture media; MEM/EBSS (HyClone) supplemented with 2 m M L -glutamine (Gibco), 100 U/ml penicillin (Gibco), 100 μg/ml streptomycin (Gibco), and 10% heat-inactivated fetal bovine serum (FBS, characterized; Hyclone). Prior to use, the culture media (MEM/EBSS/FBS) was filter sterilized using 0.22-μm filter units (Corning). The relative cell surface expression levels of all constructs used in this study are shown in figure 1 .
Examination of IpLITR-Induced Cytokine Production and Activation of Intracellular Signaling Using Proteome Profilers
For parallel determination of the relative levels of secreted cytokines and to analyze the phosphorylation profiles of kinases induced by IpLITR engagement, antibody array-based proteome profilers were used. Specifically, a Rat Cytokine Array Panel A Array Kit and Phospho-MAPK Array Kits (R&D Systems) were used to determine the relative amount of cytokines released, as well as to monitor the phosphorylation of signaling intermediates, respectively, by transfected RBL-2H3 cells after antibody-mediated cross-linking of the N-terminal HA epitope-tagged IpLITR 2.6b/ IpFcRγ-L or IpLITR 1.1b. Cells were grown to confluence in 6-well plates ( ∼ 2.5 × 10 6 cells/well) and washed in D-PBS; each well was used for either cytokine secretion or generation of cell lysates for analysis of intracellular signaling. For cytokine profiling, IpLITR 2.6b/IpFcRγ-L or IpLITR 1.1b was sensitized by incubating the cells for 20 min at 4 ° C in ASB containing 0.625 μg/ml anti-HA mAb (or mouse IgG3 isotype control). After sensitizations, the cells were washed with ice-cold 1× D-PBS and then resuspended in culture media containing 1.25 μg/ml cross-linking antibody, i.e. goat anti-mouse IgG3 pAb (H+L; Beckman Coulter), for 24 h at 37 ° C. Cytokine profiling was also performed on the IpLITR-expressing RBL-2H3 cells by sensitizing them for 1 h with IgE (200 ng/ml) using the monoclonal anti-DNP IgE antibody clone SPE-7 (Sigma-Aldrich) followed by the addition of 0.1 ng/ml dinitrophenyl [DNP (23) ]-human serum albumin (HSA; Biosearch Technologies Inc.) for 24 h at 37 ° C or by treatment with 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) and 0.5 μ M calcium (Ca 2+ ) ionophore A23187 (Sigma-Aldrich) for 24 h at 37 ° C. After activation, the culture media containing secreted cytokines was collected and centrifuged for 10 min at 16,000 g to remove cellular debris. The cleared media was immediately harvested for assessment of relative cytokine levels according to the manufacturer's protocol. For determination of phosphokinase levels the cells were treated as described above, except that they were incubated for 10 min at 37 ° C in ASB containing 1.25 μg/ml goat anti-mouse IgG3 pAb during the cross-linking step. After this incubation, the antibody solution was removed and cells were washed with icecold 1× D-PBS prior to cell lysis using ice-cold Lysis Buffer 6 provided by the manufacturer. Lysates were cleared of debris by centrifugation and processed according to the manufacturer's recommended protocol.
Time Course Examination of IpLITR-Induced Intracellular Signaling
Untransfected RBL-2H3 cells ( ∼ 2.5 × 10 6 ) or RBL-2H3 cells expressing the N-terminal HA epitope-tagged IpLITR 2.6b/ IpFcRγ-L or IpLITR 1.1b were activated by cross-linking the receptors with the anti-HA mAb [33] . Briefly, cells were incubated for 20 min at 4 ° C with 0.625 μg/ml anti-HA mAb (or mouse IgG3 isotype control) diluted in ASB. The ASB was removed and cells were treated with ASB containing 1.25 μg/ml goat anti-mouse IgG3 pAb for 2, 4, 8, 16, or 32 min at 37 ° C. In some cases RBL-2H3 cells were sensitized for 1 h with anti-DNP IgE (200 ng/ml) at 37 ° C followed by the addition of 0.1 ng/ml DNP-HSA for 4 min. IpLITR-cross-linked or IgE-sensitized RBL-2H3 cells were lysed as described [31] , and Western blots were performed using anti- ERK1(p44)/ERK2(p42) MAPK (L34F12) mouse mAb, anti-phospho-p44/p42 MAPK (Erk1/2) (Thr202/Tyr204) (E10) mouse mAb, anti-Akt rabbit pAb, or anti-phospho-Akt (Ser473) (D9E) XP ® rabbit mAb (all purchased from Cell Signaling Technologies) at a final dilution of 1: 2,000 (v/v). Immunoreactive bands were detected using goat anti-mouse or goat anti-rabbit IgG (H+L) HRPconjugated pAb (Bio-Rad). For each representative gel, individual lanes represent ∼ 0.5 × 10 6 total RBL-2H3 cells. All of the procedures for cellular lysis, SDS-PAGE gel separations, transfer to nitrocellulose membranes, incubation of membranes, and detection of protein bands using an enhanced chemiluminescent substrate kit (Thermo Scientific) have been previously described [31] [32] [33] . The analysis of band intensity was performed using ImageJ v1.44 software, which was downloaded from http://rsbweb.nih.gov/ij/ download.html.
Co-Immunoprecipitations
Untransfected RBL-2H3 cells or those expressing IpLITR 1.1b ( ∼ 2.5 × 10 6 ) were washed with D-PBS and then treated with sodium pervanadate (Na 3 VO 4 ) in D-PBS (or D-PBS alone) for 10 min at 37 ° C as described previously [31] [32] [33] and then lysed for 30 min with ice-cold immunoprecipitation (IP) buffer (50 m M Tris-HCL, 150 m M NaCl, 1% Triton X-100, supplemented with complete mini EDTA-free protease inhibitor tablets and PhosSTOP phosphatase inhibitor tablets; Roche). Cellular debris was removed by centrifugation for 10 min at 16,000 g. Cell lysates were transferred to a new 1.5-ml Eppendorf tube. Fifty microliters of cell lysates were mixed with equal volumes of 2× SDS-PAGE reducing buffer (Bio-Rad) and the remaining lysate was immunoprecipitated by the addition of either 2 μg anti-HA mAb clone HA.C5 or anti-FcεRI α subunit mouse mAb (Upstate Cell Signaling Solutions) for 14-16 h at 4 ° C on a rotary mixer. Prewashed (IP buffer) protein G agarose beads (Roche) were added to the samples and incubated for a further 2 h at 4 ° C. The beads were washed 3 times with IP buffer followed by the addition of 100 μl 2× SDS-PAGE reducing buffer. Samples (equivalent to ∼ 0.5 × 10 6 lysed cells) were boiled for 10 min and then separated on 8 or 10% SDS-PAGE gels and Western blotting was performed as previously described [31] [32] [33] using an HRP-conjugated goat anti-HA pAb (GenScript Corp.), the anti-FcεRIγ subunit rabbit pAb (Upstate Cell Signaling Solutions), or an anti-FcεRI α subunit rabbit pAb (Santa Cruz Biotechnology).
Phagocytosis Assays
Phagocytosis of antibody-opsonized microspheres by RBL-2H3 was performed as described [33] . Briefly, 10 μg/ml of anti-HA mAb or mouse IgG3 were adsorbed onto protein A-(from Staphylococcus aureus; Sigma-Aldrich) precoated 4.5-μm YG beads (Fluoresbrite TM Carboxy YG 4.5-μm microspheres; Polysciences). For each phagocytosis experiment, 1 × 10 5 cells in phagocytosis buffer (1: 1 mixture of 1× D-PBS containing 2.0 mg/ml BSA and 1× OptiMEM reduced serum medium; Gibco) were incubated with 3 μl of antibody-opsonized 4.5-μm YG beads (1 × 10 8 beads/ml) for 60 min at 37 ° C (i.e. 3:1 beads to cells ratio). The cells were then centrifuged at 5,000 g for 1 min and the supernatant carefully aspirated. To detach non phagocytosed or cell-surface-bound beads, the cell pellet was gently agitated and the cells resuspended in icecold D-PBS/EDTA containing 0.05% trypsin (Hyclone) and 1 m M EDTA. After 15 min of incubation on ice, ice-cold D-PBS containing 2 m M EDTA and 0.5% BSA was added to each tube and the cells were centrifuged at 5,000 g for 1 min and then resuspended in 1% paraformaldehyde in D-PBS. Samples were analyzed by flow cytometry using FL-1 to distinguish between cells with and without internalized beads as described [33] . For some phagocytosis experiments, EDTA (2 m M ; Sigma-Aldrich) was added during the incubation of cells with opsonized beads or the beads were added to the cells after they had been pretreated for 1 h with CytoD (10 μ M ; Sigma-Aldrich) or 0.1% DMSO (vehicle control).
Examination of IpLITR-Mediated Phagocytosis and Endocytosis by Confocal Microscopy
RBL-2H3 cells (1 × 10 5 ) were seeded into 6-well tissue culture plates (Costar) containing a sterile microscope glass coverslip (Fisher Scientific) and allowed to grow for 2 days at 37 ° C ( ∼ 70% confluence over the coverslip). After incubation, the growth media was removed and coverslips were washed with ASB prior to staining. For GM1 ganglioside membrane staining, coverslips (cell side down) were placed on a parafilm strip containing ASB containing cholera toxin B subunit-FITC (1 μg/ml; Sigma-Aldrich) for 30 min at 4 ° C in the dark. Cells were then washed with ASB prior to incubation with opsonized beads or IpLITR staining as described below.
For visualization of the internalized beads, GM1-stained cells were incubated with anti-HA mAb-opsonized 2.0 μm Polybead ® polystyrene microspheres (Polysciences) for 30 min at 37 ° C. Coverslips were then washed with 1× D-PBS and cells were fixed by placing the coverslips (cell side down) on a parafilm strip containing Fixation Buffer (BioLegend) for 20 min at room temperature in the dark. The cells were again washed with ASB and the coverslip placed (cell side down) on a glass slide containing mounting media containing DAPI [kindly provided by Geraldine Barron (Cross Cancer Institute Microscopy Facility, University of Alberta, Edmonton, Alta., Canada)]. Cells were viewed with a laser scanning confocal microscope (LSCM), i.e. Zeiss LSM 710, objective 40× 1.3 oil plan-Apochromat (Cross Cancer Institute Microscopy Facility). All images were collected using Zen 2009 or 2011 software.
To visualize IpLITR surface staining and the localization of these receptors after antibody-mediated cross-linking, RBL-2H3 cells expressing the specified IpLITRs were incubated on coverslips as described above. Coverslips were placed on a parafilm strip containing ASB with 1.25 μg/ml anti-HA mAb or 1.25 μg/ml IgG3 isotype control antibody. After 30 min on ice, cells were washed with ice-cold ASB and then placed on a parafilm strip containing 2.5 μg/ml cross-linking/staining antibody goat anti-mouse IgG Cy5-conjugated pAb (Invitrogen). Cross-linking/staining of the IpLITRs was performed at 37 ° C for 10, 20, or 30 min, after which the cells were immediately washed in ice-cold ASB and then fixed and mounted for confocal microscopy as described above. For some experiments, cells were pretreated for 30 min with hypertonic sucrose (0.2 M ) prior to performing the cross-linking and staining experiments. To examine colocalization with the GM1 ganglioside, IpLITR staining was also performed on RBL-2H3 cells after their membranes were prestained with cholera toxin B subunit-FITC.
Statistics
Experimental groups were analyzed using Student's t test (2 tails), and p ≤ 0.05 was considered statistically significant. ) expressing the N-terminal HA epitope-tagged IpLITR 2.6b/IpFcRγ-L ( a , b ) or IpLITR 1.1b ( c , d ) were cross-linked by treatment with 0.625 μg/ml mouse IgG3 (isotype control) or 0.625 μg/ml anti-HA mAb followed by 1.25 μg/ml anti-mouse IgG3 pAb (H+L) for 24 h at 37 ° C. Cell supernatants were then examined for the presence of various cytokines using the antibody capture chemiluminescentbased Rat Cytokine Array Panel Array Kit (R&D Systems). Transfected cells were also stimulated for 24 h at 37 ° C with 50 ng/ml PMA/0.5 μ M Ca 2+ ionophore A23187 (i.e. PMA/Iono) or after triggering them via their endogenous FcεRI with 200 ng/ml anti-DNPIgE and 0.1 ng/ml DNP-HSA (i.e. IgE/DNP). Representative proteome profiler array results for anti-HA-activated IpLITR 2.6b/ IpFcRγ-L and IpLITR 1.1b are shown ( a , c ); the calculated densitometry results of the relative cytokine levels are also displayed ( b , d ). The duplicate spots used for calculating the relative cytokine levels are indicated by the boxes, and these values were normalized for cross-array comparisons using the manufacturer's negative and positive controls standards. Densitometry of spot intensity was performed using ImageJ v1.44 software. The complete cytokine profiler array coordinates, representative array blots for IgG3-, PMA/Iono-, and IgE/DNP-treated cells, and the calculated densitometry results for cytokine levels following all experimental treatments are provided in the online supplementary material. Each bar represents the mean relative cytokine level ± SEM of 3 independent cytokine arrays. * p ≤ 0.01 and * * p ≤ 0.001 when comparing the relative cytokine levels for each experimental treatment to the cytokine levels of IgG3-treated cells. cells produced significantly higher levels of IL-3, IL-4, IL-6, and TNF-α compared to the untreated control. Also, when activated via the FcεRI, a significant induction of IL-3 and IL-4 was detected in the supernatants of IpLITR 2.6b/IpFcRγ-L-expressing cells ( fig. 2 a, b) . Cells expressing IpLITR 1.1b were responsive to PMA and A23187 ( fig. 2 c, d) , and following activation via the FcεRI these cells also produced IL-3 and IL-4 ( fig. 2 c, d) indicating that IpLITR-transfected RBL-2H3 cells are responsive to cytokine-inducing stimuli. When cross-linked using anti-HA mAb, cells expressing IpLITR 2.6b/IpFcRγ-L produced cytokine levels comparable to PMA/A23187 or IgE treatments ( fig. 2 a, b) . However, IpLITR 1.1b-activated cells did not significantly increase cytokine levels compared to treatment with the IgG3 isotype antibody ( fig. 2 c,  d ). Duplicate spots of the select cytokines of interest are indicated on the profilers ( fig. 2 a, c) . The spots located at positions A7, C1, D2, and D5 represent the cytokines sICAM-1, IL-13, CXCL7, and VEGF, respectively. These cytokines were constitutively produced by cultured RBL-2H3 cells under all conditions tested and were also detected in the supernatants of nontransfected parental cells (data not shown).
Results
Cytokine Production by IpLITR 2.6b/IpFcRγ-L-and IpLITR 1.1b-Expressing Cells
Phosphorylation Status of Select Signaling Kinases following Engagement of IpLITR 2.6b/IpFcRγ-L or IpLITR 1.1b
A phospho-signaling profile of IpLITR-activated RBL-2H3 cells was obtained using the Phospho-MAPK Array Kit (R&D Systems). As shown in figure 3 a-c, activation of IpLITR 2.6b/IpFcRγ-L by anti-HA cross-linking for 10 min at 37 ° C increased the phosphorylation of several signaling molecules, including ERK1/2, GSK-3α/β, GSK-3β, RSK1, CREB, JNK (pan), MEK6, MSK2, p38δ, and Akt2 (the complete Phospho-MAPK Array data and profiler array coordinates/legend are provided in the online suppl. material). This effect was not observed when the cells were treated with the IgG3 isotype control antibody. Conversely, when IpLITR 1.1b-expressing cells were activated by anti-HA cross-linking, increases in the phosphorylation of target signaling molecules were not detected and no differences between anti-HA and IgG3-treated cells were observed ( fig. 3 d-f) . Figure 3 shows representative proteome profiler array results for both IgG3 ( fig. 3 a, d ) and anti-HA ( fig. 3 b, e) cross-linked IpLITR 2.6b/IpFcRγ-L and IpLITR 1.1b-expressing RBL-2H3 cells, respectively. Also indicated are the duplicate spots used to calculate the relative phosphorylation levels of the specific signaling molecules. 
Temporal Activation of ERK1/2 and Akt Activation in RBL-2H3 Cells by IpLITR 2.6b/IpFcRγ-L and IpLITR 1.1b Engagement
IpLITR-expressing RBL-2H3 cells were cross-linked with anti-HA mAb and a time course induction of ERK1/2 and Akt phosphorylation was measured by Western blot using phospho-specific primary antibodies. IpLITR 2.6b/ IpFcRγ-L cross-linking with anti-HA mAb induced ERK1/2 phosphorylation at 2 min, which peaked at 4 min and then gradually declined after 8, 16, and 32 min ( fig. 4 a,  top) . This analysis correlated with the data obtained using the Phospho-MAPK Array Kit, demonstrating a relative increase in ERK1/2 phosphorylation after 10 min ( fig. 3 ac) . Also, 3 immunoreactive phospho-ERK proteins were detected at ∼ 42, ∼ 44, and ∼ 45 kDa. The ∼ 45-kDa protein is probably an ERK-like protein or nonspecific immunoreactivity. When RBL-2H3 cells expressing the inhibitory IpLITR 1.1b were cross-linked with anti-HA mAb, a different temporal pattern of ERK1/2 phosphorylation was observed: although IpLITR 1.1b-triggered cells showed no levels of phosphorylated ERK1/2 in their lysates after 8, 16, and 32 min, an early and transient phosphorylation was observed after 2 min, which rapidly diminished by 4 min ( fig. 4 c, top) . This time course for ERK1/2 activation was also in agreement with the data obtained using the Phospho-MAPK Array Kit in that no phosphorylation of ERK1/2 was detected in IpLITR 1.1b-activated RBL-2H3 cells after 10 min ( fig. 3 d-f) . Importantly, parental (i.e. nontransfected) RBL-2H3 cells did not demonstrate any levels of phosphorylated ERK1/2 after they were cross-linked with anti-HA mAb over the same time course ( fig. 4 i, j) . Although IpLITR 1.1b-expressing cells demonstrated differential temporal ERK1/2 activation compared to IpLITR 2.6b/IpFcRγ-L-expressing cells, when activated via the FcεRI both cell types induced a similar level of ERK1/2 phosphorylation as previously reported [33] (data not shown).
IpLITR 2.6b/IpFcRγ-L cross-linking with anti-HA mAb also resulted in a rapid and sustained phosphorylation of Akt ( fig. 4 e, top) . Phosphorylated Akt levels were maintained for up to 32 min following receptor crosslinking, and the IpLITR 2.6b-activated Akt levels were similar to those induced by FcεRI. For IpLITR 1.1b, there was also a rapid increase in the phosphorylated levels of Akt following receptor cross-linking ( fig. 4 g, top) . However, unlike the sustained levels of Akt activation ob- 443 also increased phosphorylated Akt levels ( fig. 4 g, h) , and this was also observed with the IpLITR 2.6b/IpFcRγ-Lexpressing RBL-2H3 cells. In these experiments IgE served as a positive control for Akt activation. When parental RBL-2H3 cells were cross-linked with anti-HA, no sustained or consistent patterns of phosphorylated Akt levels were observed between 0 and 32 min that matched those of the IpLITR 2.6b/IpFcRγ-L-or IpLITR 1.1b-triggered RBL-2H3 cells ( fig. 4 k, l) .
IpLITR 2.6b/IpFcRγ-L-and IpLITR 1.1b-Induced Phagocytosis
In stable transfected RBL-2H3 cells, the relative IpLITR 1.1b surface staining was higher than that observed for IpLITR 2.6b/IpFcRγ-L ( fig. 1 ) , and when untransfected RBL-2H3 cells were stained with the anti-HA mAb their fluorescence intensity was no different from IgG3 isotype antibody staining levels ( fig. 1 ). Without a surface-expressed IpLITR, untransfected RBL-2H3 cells demonstrated <10% phagocytosis after incubation with either IgG3-or anti-HA mAb-coated beads ( fig. 5 a) . Cells expressing IpLITR 2.6b/IpFcRγ-L also demonstrated <10% phagocytosis of IgG3-coated beads but this response increased to ∼ 35% when anti-HA-opsonized beads were used ( fig. 5 a) . IpLITR 1.1b-expressing cells also phagocytosed low levels of the IgG3 beads (i.e. 7.4%), but surprisingly these cells increased their phagocytic response to ∼ 50% when incubated with the anti-HA mAbcoated beads ( fig. 5 a) . In each of the experiments performed, IpLITR 1.1b-expressing RBL-2H3 cells had a ∼ 15-20% increased ability to phagocytose anti-HA mAb beads over IpLITR 2.6b/IpFcRγ-L-expressing cells, which may be in part due to their increased surface expression.
We also performed confocal microscopy to observe IpLITR-mediated phagocytosis of opsonized beads. This was done in conjunction with FITC-conjugated cholera toxin B subunit staining, a marker for lipid rafts ( fig. 5 be) . When IpLITR 1.1b-expressing cells were incubated with anti-HA-opsonized 2-μm microspheres (merging of DIC, DAPI, and FITC), we observed multiple beads internalized by each cell ( fig. 5 b) . Interestingly, in figure 5 c, in which only the cholera toxin B subunit FITC stain is shown, the majority of the internalized beads are surrounded by intense FITC staining indicative of lipid raft compartment-containing membranes surrounding the beads. We also imaged the phagocytosis of 4.5-μm beads (the same size used in the flow cytometric assays) to show that the RBL-2H3 cells expressing IpLITR 1.1b also effectively internalized larger beads. Transverse sectioning (Zstack analysis) allowed us to visualize the interface between the cell membrane and the surface of these associated beads. For the cells imaged in figure 5 d and e [read from top to bottom, representing consecutive transverse sections (Z-stack) of the same cell], the FITC staining surrounding the bead gradually changes from a bright green ring around the bead (color only in online version) to a more diffuse pattern at the point where the edge of the bead and the cell membrane are in contact (areas highlighted by circles). Although all images shown in figure  5 b-e are for IpLITR 1.1b-expressing cells, similar images were captured for IpLITR 2.6b/IpFcRγ-L-expressing RBL-2H3 cells (data not shown).
IpLITR Internalization and Colocalization into GM1-Containing Membrane Compartments Are Induced by Receptor Cross-Linking
Confocal microscopy was also used to examine the cellular location of IpLITRs expressed in RBL-2H3 cells. As shown in figure 6 , neither IpLITR 2.6b/IpFcRγ-L-nor IpLITR 1.1b-expressing cells were stained when incubated with isotype control IgG3 followed by the goat-antimouse IgG Cy5-labeled pAb for 30 min at 4 ° C. However, using the anti-HA mAb, we observed distinct circular/ ring-like cell surface staining patterns for both IpLITR types ( fig. 6 a, b) after 30 min at 4 ° C. We then performed staining experiments at 37 ° C for 10-30 min after crosslinking with the goat-anti-mouse IgG Cy5-labeled pAb. 6 ) expressing the N-terminal HA epitope-tagged IpLITR 2.6b/IpFcRγ-L ( a ) or IpLITR 1.1b ( b ) were cross-linked by treatment with 0.625 μg/ml mouse IgG3 (isotype control) or 0.625 μg/ml anti-HA mAb followed by 1.25 μg/ml anti-mouse IgG3 pAb (H+L) for 10 min at 37 ° C. Cell lysates were then examined for the presence of phosphorylated proteins using the antibody capture chemiluminescent-based Human Phospho-MAPK Array Kit (R&D Systems). Representative proteome profiler array results for IgG3 isotype and anti-HA-activated IpLITR 2.6b/IpFcRγ-L ( a , b ) and IpLITR 1.1b ( d , e ); the calculated densitometry results of relative phospho-MAPK levels are also displayed ( c , f ). The duplicate spots used for calculating the relative levels of protein phosphorylation are indicated by the boxes, and these values were normalized for crossarray comparisons using the manufacturer's negative and positive control standards. Densitometry of spot intensity was performed using ImageJ v1.44 software. Each bar represents the mean spot intensity of the 2 indicated spots, and the data is representative of 2 independent experiments which gave similar profiler results. The complete phospho-MAPK array coordinates and the calculated densitometry results are provided in the online supplementary material. Using conditions identical to those described above, cross-linked IpLITR 2.6b/IpFcRγ-L ( e , f ) or IpLITR 1.1b ( g , h ) were then blotted with either anti-phospho-Akt (Ser473) (D9E) XP rabbit mAb ( e , g ; top) or anti-Akt rabbit pAb (Endo; e , g ; bottom) followed by a goat anti-mouse IgG (H+L) HRP-conjugated pAb. i-l Parental (i.e. nontransfected) RBL-2H3 cells were also cross-linked as described using anti-HA mAb and their cell lysates were probed for phospho-and endo-ERK1/2 ( i , j ) or phospho-and endo-Akt Both IpLITR 2.6b/IpFcRγ-L ( fig. 6 a) and IpLITR 1.1b ( fig. 6 b) displayed a punctate or patchy surface-staining pattern after 10 min at 37 ° C, and after 20 and 30 min the majority of the cross-linked receptors appeared to have been internalized. Transverse sections through the cells (not shown) confirmed that the Cy5 label was inside the cells, which can also be observed in the DIC/DAPI/Cy5 overlays shown in figure 6 . When the IpLITR-expressing RBL-2H3 cells were pretreated for 30 min with hypertonic sucrose (0.2 M , inhibitor of clathrin-dependent endocytosis) [35] prior to cross-linking, both receptors remained on the cell surface even after 30 min at 37 ° C ( fig. 6 ). Figure 7 is a representative set of Cy5/cholera toxin B subunit-FITC costaining images for IpLITR 1.1b before and after receptor cross-linking. At 4 ° C the surface stainings of IpLITR 1.1b (Cy5) and GM1 (FITC) are present but do not appear to colocalize at the cell surface ( fig. 7 a) . When the cells were incubated at 37 ° C for 10 min, the punctate surface-staining pattern of IpLITR 1.1b was observed and, when overlaid with GM1, staining patterns of receptor with GM1 colocalization were detected as indicated by the arrows ( fig. 7 b) . After 30 min at 37 ° C, aggregates of IpLITR 1.1b staining were observed inside the cells, and in some cases they were colocalized with GM1-containing subcellular compartments ( fig. 7 c) . Similar staining and colocalization effects were observed when IpLITR 2.6b/IpFcRγ-L was examined (data not shown). 
IpLITR 1.1b-Mediated Phagocytosis Is Not due to an Association with the RBL-2H3 FcεRIγ Chain but Is Dependent on Its CYT Region
To examine whether IpLITR 1.1b-mediated phagocytosis could be due to its association with the ITAM-bearing FcεRIγ chain endogenously expressed in RBL-2H3 cells, co-immunoprecipitation experiments were performed. IP of the FcεRI α subunit in association with the FcεRIγ chain was done in both untransfected and IpLITR 1.1b-expressing RBL-2H3 cells ( fig. 8 a) . This association was not affected by stimulation of the cells with Na 3 VO 4 . When we immunoprecipitated IpLITR 1.1b with anti-HA mAb, a 70-kDa protein corresponding to the expected size of IpLITR 1.1b was detected which was not present in untransfected cells ( fig. 8 b, bottom) . When we probed the anti-HA mAb immunoprecipitates for an associated FcεRIγ chain, unlike what was observed for the FcεRI α subunit, no associating adaptor protein was detected in unstimulated or Na 3 VO 4 -stimulated cells ( fig. 8 b, bottom) even though the FcεRIγ chain was present in the cell lysates ( fig. 8 b, top) . A CYT-deficient mutant of IpLITR 1.1b was generated lacking all intracellular tyrosines, and a representative flow cytometric staining profile of IpLITR 1.1b ΔCYT expression is shown ( fig. 1 ) . Phagocytosis experiments were performed with untransfected RBL-2H3 cells, IpLITR 1.1b-expressing cells, and IpLITR 1.1b ΔCYT mutant-expressing cells ( fig. 8 c) . As expected, RBL-2H3 cells demonstrated <10% phagocytosis of IgG3-and anti-HA-coated 4.5-μm beads, whereas IpLITR 1.1b-expressing cells demonstrated 11.2% phagocytosis of IgG3 beads and 59.5% phagocytosis of anti-HA beads, which is consistent with the results observed in figure 5 a. When the IpLITR 1.1b ΔCYT was tested, we observed an 8.9% phagocytosis of IgG3 beads and only 14.3% phagocytosis in the presence of anti-HA-opsonized beads. This represented a ∼ 90% reduction in phagocytic capacity compared to the intact wild-type IpLITR 1.1b ( fig. 8 c) . We then tested IpLITR 1.2a to see if a related inhibitory IpLITR type that only encoded 2 of the 6 tyrosines found within IpLITR 1.1b also promoted phagocytosis. RBL-2H3 cells expressing this receptor demonstrated phagocytosis levels of 11.5 and 57.3% when treated with IgG3 beads and anti-HA beads, respectively ( fig. 8 c) , indicating that the ability of prototypical inhibitory IpLITRs to induce phagocytosis is not limited to IpLITR 1.1b. This also suggests that the phagocytic activities of these two receptors may be mediated by the TM distal ITIM and/or ITSM that are shared between these two receptors (online suppl. fig. 1, 2) . IpLITR 1.2a surface expression is also similar to that of IpLITR 1.1b ( fig. 1 ) . fig. 9 a) . This represents a 52% inhibition of the phagocytic response using the formula described in the figure legend. Conversely, when EDTA (2 m M ) was added to the IpLITR 1.1b-expressing cells, the phagocytosis of anti-HA beads surprisingly increased from 44.5% (no EDTA) to 52.5% ( fig. 9 b) , representing a 27.5% increase in their phagocytic response. Pretreatment with CytoD (10 μ M ) produced a significant reduction in the phagocytosis of anti-HA beads from 47.3 to 19.8% by IpLITR 2.6b/IpFcRγ-Lexpressing RBL-2H3 cells ( fig. 9 a) . This translated into a 72.1% inhibition of their phagocytic response. In comparison, when pretreated with Cyto D (10 μ M ), IpLITR 1.1b-expressing cells demonstrated only a 37.9% overall inhibition of their phagocytic response ( fig. 9 d) .
Discussion
Receptors within the IpLITR family are structurally related to Ig superfamily receptors in vertebrates that are known to participate in the regulation of innate immunity [28, 29] . IpLITRs also exhibit distant phylogenetic relationships with mammalian FcRs and those encoded within the leukocyte receptor complex [28, 30] . However, we have yet to identify all IpLITR members, to fully explore their expression patterns on fish immune cell subtypes, and to identify the endogenous ligand(s) that engage IpLITRs. Consequently, our studies have relied on transfection and expression of epitope-tagged IpLITRs in mammalian immune cell lines. This approach has allowed us to examine the biochemistry of IpLITR-mediated signal transduction and to determine how IpLITRs control innate immune cell effector functions [33, 34] . As expected, stimulatory IpLITR types associate with ITAMcontaining adaptor molecules [32] and activate kinasedependent intracellular signaling events that promote degranulation and phagocytosis [33] . Conversely, inhibitory IpLITR types recruit the phosphatases SHP-1 and SHP-2 [31] and effectively abrogate NK cell killing responses using both SHP-dependent and SHP-independent mechanisms [34] . To date, functional studies of specific IpLITRs as stimulatory or inhibitory immunoregulatory receptor types have been in agreement with the presence of cytoplasmic ITAMs or ITIMs, respectively [31] [32] [33] [34] . Here we compared the cellular functions mediated by a previously characterized classical stimulatory IpLITR and its associated ITAM-containing adaptor (i.e. IpLITR 2.6b/IpFcRγ-L) and, for the first time, an inhibitory ITIM-containing IpLITR type (IpLITR 1.1b) expressed in the myeloid cell line RBL-2H3. Overall, this study represents the first demonstration of functional plasticity for an ITIM-containing teleost immunoregulatory receptor.
IpLITR 2.6b/IpFcRγ-L-but not IpLITR 1.1b-activated RBL-2H3 cells produced IL-3, IL-4, IL-6, and TNF-α at levels significantly higher than the isotype antibody (IgG3) control. IpLITR 1.1b-expresssing cells were capable of producing cytokines if stimulated via endogenous FcεRI triggering or the addition of PMA/A23187. Untransfected RBL-2H3 cells also generated cytokines if stimulated via FcεRI triggering or the addition of PMA/ A23187 (data not shown), indicating that these cells can be activated in an IpLITR-independent manner. As expected, several activated intracellular kinases were detected in the lysates of RBL-2H3 following activation for 10 min by IpLITR 2.6b/IpFcRγ-L cross-linking. By comparison, no relative change in phosphorylated kinases for IpLITR 1.1b-induced RBL-2H3 cells was observed at 10 Temporal differences in the patterns of ERK1/2 and Akt activation also suggest that the dynamics of the signaling events induced by IpLITR 2.6b/IpFcRγ-L and IpLITR 1.1b are unique to each receptor type. Previously we hypothesized that the ITAM-dependent signaling by IpLITR 2.6b likely occurs through classical stimulatory kinase-dependent cascades, which are shared among other ITAM encoding immunoregulatory receptor types [33] . However, unexpectedly, activation of ERK1/2 and Akt in RBL-2H3 cells by IpLITR 1.1b may reflect functional plasticity in ITIM-encoding immunregulatory receptor-mediated responses. IpLITR 1.1b has ITIMs in its CYT region, recruits phosphatases (including SHP-1/2), and was originally demonstrated to function as an inhibitory receptor when expressed in mouse primary NK cells [34] . The stimulatory signaling by IpLITR 1.1b in RBL-2H3 cells may result from differential recruitment of signaling mediators in specific immune cell types, thereby facilitating a context-dependent plasticity of receptormediated inhibitory or stimulatory control of cellular processes, which will be discussed below.
We also monitored IpLITR staining patterns in RBL-2H3 cells before and after receptor cross-linking. Confocal imaging demonstrated ring-like surface-staining patterns for both IpLITR types on resting cells and this staining pattern became more punctate after 10 min of receptor cross-linking. When cells were activated for 20 or 30 min, both IpLITR types were internalized. Receptor internalization was blocked by treatment with hypertonic sucrose, suggesting that clathrin-dependent endocytosis was involved as hypertonic treatments eliminate the formation of coated pits by interfering with the clathrin polymerization process [35] . Since both IpLITR 2.6b/ IpFcRγ-L and IpLITR 1.1b encode endocytic motifs (i.e. YxxΦ) [36] in their CYT regions (online suppl. fig. 1 ), it is not surprising that they were both endocytosed after antibody-mediated cross-linking, which likely results in receptor degradation and/or recycling. IpLITR 2.6b/ IpFcRγ-L and IpLITR 1.1b also colocalized with the GM1 ganglioside, which is known to associate with lipid rafts [37] . These sphingolipid-enriched domains are thought to function as membrane platforms that facilitate receptor aggregation and association with signaling effector molecules such as Src family protein tyrosine kinases [38] . Lipid rafts are also involved in the activation of lymphocytes and participate in the control of effector cell functions involved in innate immunity, including phagocytosis [39, 40] . Recently, we demonstrated that GM1 is a marker of lipid rafts in teleost immune cells and that during phagocytosis GM1 concentrates in the phagosomal membranes of goldfish macrophages [41] . In the present study, both IpLITR 2.6b/IpFcRγ-L and IpLITR 1.1b aggregated into raft-like compartments during receptor engagement and these IpLITR-containing aggregates were concentrated in phagosomal compartments surrounding internalized microspheres. IpLITR surface staining patterns, aggregation, and internalization after cross-linking were relatively similar for both IpLITR 2.6b/IpFcRγ-L and IpLITR 1.1b, unlike what was observed for cytokine production and intracellular signaling.
As expected, IpLITR 2.6b/IpFcRγ-L-expressing cells engulfed anti-HA mAb-coated beads significantly more than beads opsonized with IgG3 but, surprisingly, IpLITR 1.1b-expressing cells also displayed a robust phagocytic response. Differential effects on the phagocytic responses provided us with a naturally mutated version of IpLITR 1.1b as it is missing 4 of the 6 tyrosine residues thought to facilitate these unique CYT-derived phagocytic signaling events. In transfected RBL-2H3 cells, IpLITR 1.2a induced phagocytosis of anti-HA-coated beads at levels comparable to IpLITR 1.1b ( ∼ 55%). This allowed us to hypothesize that it is either IpLITR 1.1b Y 477 and/or Y 503 that is responsible for IpLITR 1.1b-mediated phagocytosis as discussed below. These residues, and the full CYT region sequences of IpLITR 1.1b and IpLITR 1.2a are shown in online supplementary figure 1 and an amino acid alignment of IpLITR 1.1b and IpLITR 1.2a is shown in online supplementary figure 2.
We predict that the IpLITR 1.1b-induced signaling events observed in this study likely involve Y 477 and/or Y 503 , which are contained within an ITIM and an ITSMlike region, respectively. Switch motifs bind SHP-1 and SHP-2, resulting in cellular inhibition [53] , and can also activate cellular signaling by selectively recruiting adaptor proteins such as SH2 domain protein 1A (SH2D1A) and Ewing's sarcoma-activated transcript 2 (EAT-2) [54] . Interestingly, ITSMs also facilitate PI3K-dependent signaling [55, 56] and can trigger both ERK1/2 and Akt phosphorylation [reviewed in 57 ]. ITSM induction of ERK1/2 activation has also been shown to involve recruitment of the cellular phosphatase SHP-2 [58] . SHP-2 recruitment to ITIMs and/or ITSMs causes its specific phosphorylation at a C-terminal tyrosine that serves as a binding site for the SH2-containing adaptor molecule growth factor receptor-bound 2 (Grb2) [59] and this can then promote the activation of the Ras-MEK1/2-ERK1/2 pathway via interactions with members of the Dab/Dos family of scaffolding proteins, known as the Grb2-associated binders (Gab) [60] [61] [62] . During IpLITR 1.1b-mediated phagocytosis, we predict that Gab2 recruitment to the activated IpLITR 1.1b would likely rely on an indirect mode of interaction. For example, SHP-2 binding of the phosphorylated IpLITR 1.1b ITIM (Y 477 ) and/or the ITSM (Y 503 ) could promote SHP-2-Gab2 interactions or formation of SHP-2-Grb2-Gab2 ternary complexes [60] [61] [62] . The demonstration of SHP-2 involvement as a scaffold for Gab2 and/or Grb2 binding suggests that this cellular phosphatase can also play important roles as an intracellular adaptor capable of organizing receptor-mediated cellular activation [63] [64] [65] , independent of classical inhibitory roles in immune cell function. For IpLITR 1.1b, this provides an explanation for context-dependent functional outcomes contrasting with our previously reported SHP-dependent inhibition of NK cell killing [34] . We have previously shown that SHP-2 is recruited to IpLITR 1.1b [31] and, taken together, this suggests that IpLITR 1.1b-mediated activities may be in part achieved by ITIM/ITSM-dependent recruitment of SHP-2-mediated signaling, which requires Y 477 and or Y 503 . Further studies including site-directed mutagenesis of these residues and co-immunoprecipitation experiments are required to decipher the unique mechanisms behind IpLITR-mediated phagocytosis. These studies are ongoing in our laboratory.
In conclusion, recruitment of intracellular signaling adaptors allows surface receptors to selectively integrate with specific downstream effectors that can differentially control cellular responses. Understanding how IpLITR 1.1b-induced signaling mediates the activation of immune cell phagocytosis will help to elucidate the importance of immunoregulatory receptor plasticity in teleosts. Furthermore, whether functional plasticity is conserved among the ITIM/ITSM-containing vertebrate immunoregulatory proteins is unknown. However, it seems likely that new mechanisms of stimulatory responses induced by previously defined inhibitory innate immune receptor types will continue to be uncovered. From these mechanisms we can decipher the precise roles that various immunoregulatory receptor types play in the fine-tuning of essential innate defense responses like phagocytosis.
